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Abstract 
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An investigation of collective effects has been 
undertaken to assess the possibilities for using the 
low emittance operating mode of the PEP storage ring as 
a dedicated source of synchrotron radiation. Beam 
current limitations associated with longitudinal and 
transverse instabilities, and the expected emittance 
growth due to intrabeam scattering have been studied as 
a function of beam energy. Calculations of the beam 
Ii fetime due to Touschek and gas scattering are 
presented, and the growth times of coupled-bunch 
instabilities are estimated. In general, the results 
are encouraging, and no fundamental problems have been 
uncovered. It appears that beam currents up to about 
10 rnA per bunch should be achievable, alld that the 
~mittance growth is not a severe problem at an energy 
of about 8 GeV. A feedback system to deal with 
coupled-bunch instabilities is likely to be required. 

*This work was supported by the Director, Office of 
Energy Research, Office of High Energy and Nuclear 
Physics, High Energy Physics Division, U.S. Dept. of 
Energy, under Contract No. DE-AC03-76SF00098. 



:Introductign 

In the recent past, it has become clear that synchrotron 

radiation is an important tool in many forms of scientific 

research. A~though new storage rings dedicated to synchrotron 

radiation are now operating, and others are just beginning 

construction, there is still a significant need for a test bed for 

insertion devices, diagnostics, and experimental techniques that 

could be filled by dedicated use of the PEP storage ring--at some 

~uture date--to provide synchrotron radiation beams in the x-ray 

regime. 

One could envision, for example, utilizing PEP to test 

specialized insertion devices destined for the 7 GeV Advanced 

Photon Source to be constructed at Argonne National Laboratory, or 

the European Synchrotron Radiation Project in Grenoble, France. To 

fulfill this role, of course, would likely require some changes in 

the PEP lattice, and would presumably require the machine to run at 

considerably lower energy than typically utilized for the existing 

PEP high energy physics programs. 

In Ref. 1, a modified lattice was investigated that has an 

emittance of about one-quarter of the standard PEP collider optics. 

This solution is referred to ~,ere as the "Low Emittance Lattice" 

(LEL). In this paper, we examine the expected performance of the 

LEL in terms of electron beam collective effects. First, we 

explore the important issues of longitudinal and transverse 

single-bunch instabilities, which limit the allowable current and 
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bunch length in the storage ring. Next, we assess the influence of 

intrabeam scattering on the beam emittance. Then, because of the 

requirements for reasonably high current and low emittance, we 

examine the issue of beam lifetime, which results from losses due 

both to large-angle Coulomb scattering (Touschek scattering) and to . 
elastic and inelastic scattering from the background gas in the 

beam tube. Finally, we discuss the issue of coupled-bunch 

instabilities, which is likely to be relevant to the operation of 

PEP as a dedicated synchrotron radiation source. 

Bunch Lengthening 

In this section, we consider the effects of the longitudinal 

microwave instability (turbulent bunch lengthening) on the expected 

bunch length. The threshold current for the onset of this 

instability can be obtained from the characteristic value of the 

longitudinal impedance, I Zln I, of the ring. To obtain the 

requisite value, we have analyzed with ZAP2 existing low energy 

bunch length data (measured in the standard colliding beam lattice 

optics) taken at PEP.3 The result, shown in Fig. 1, gives a value 

for IZlnlo of 3 O. It is worth noting here that the calculation 

shown in Fig. 1 includes the expected impedance roll-off referred 

to as "SPEAR scaling" in Ref. 2. (We will see below that the value 

for IZ/nl obtained in this manner is also roughly compatible with 

the value inferred from the observed transverse threshold.) 

Having determined the value for the longitudinal impedance of 
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PEP, two example cases were investigated for the PEP LEL. For the 

first example, we consider the beam behavior at a very high RF 

voltage of 39 MV. This value typifies the situation where very 

short beam bunches are desired. 4 At the other extreme, we study 

the case of VRF - 3 MV. This illustrates the situation where w~ 

want to have longer bunches to mInimize the bunch density, and thus 

reduce any emittance blowup from int rabeam scat ter ing. (In 

principle, we could select a somewhat different voltage for each 

energy, but for this illustration we have chosen a value that is 

compatible with beam energie~~ up' to about 8 GeV.) For both cases 

we fix the impedance value at IZ/nl - 3 n. In the case of the low 

RF voltage, of course, this assumption is pessimistic. (It has 

been estimated that about two-thirds of the ring impedance is due 

to the large number of RF cavities--most of which could be removed 

if only 3 MV were required.) 

Results of bunch lengthening calculations at a beam current of 

1 rnA/bunch are shown in Figs. 2 and 3 for the 39 MV and 3 MV cases, 

respectively. For the high voltage case (Fig. 2) we expect bunch 

lengthening to be observed only below 6 GeV. At these low 

energies, the effect of intrabeam scattering (see below) ~ould ~ 

cause some bunch lengthening, even if the turbulent bunch 

lengthening threshold were higher. Even with the expected bunch 

lengthening, however, an rms bunch length of less than 4 mm (at -

10 ps) is obtained. 

In the low voltage case (Fig. 3), we see that significant 
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bunch lengthening is expected, giving rms bunch lengths in the 

range of 2-3 cm (Gt - 80 ps). The reason for the somewhat poorer 

behavior here, compared with that shown in Fig. 2, is that the 

longer bunches give rise to less roll-off of the effective 

longitudinal impedance, i.e., there is less benefit from the SPEAR 

scaling. 

To determine the maximum permissible single-bunch current, we 

must examine the transverse thresholds. We again start from 

experimental results from Ref. 3, which indicate a threshold for 

the transverse mode-coupling instability2,5 of about 1.5 rnA. In 

ZAP, thresholds for both the transverse mode-coupling and 

transverse fast-blowup threshold instability are considered. Under 

the experimental conditions of Ref. 3, ZAP predicts a threshold for 

the fast blowup of IFB = 1.5 rnA and that for mode coupling to be 

slightly higher, IMC Z 2 rnA. Thus, although the agr~ement is not 

perfect, we find that the transverse threshold is compatible with 

the longitudinal impedance value of IZ/nl = 3 n determined from 

the bunch lengthening data. 

Calculations for the two RF voltage assumptions are presented 

in Figs. 4 and 5. In the low voltage case, where the bunch lengths 

are in the same regime as that in the experiment,3 we expect the 

transverse current limit to be below 5 rnA/bunch. With the higher 

RF voltage, and the concomitant shorter bunches, the predicted 
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threshold values are higher, but still limit the single-bunch 

current to below 10 rnA at low energies. Given the fact that the 

calculations indica':e bunch current limits in the range of 

int~~est, it will be worthwhile to investigate this matter in more 

detail than contained in ZAP. 

"itt_oQ' Growth 

At low beam energies (that is, energies well below the design 

energy for a particular storage ring), the natural emittance is 

generally small and the damping times are long. Thus, the beam 

density expected solely from synchrotron radiation effects is quite 

high, and we may have significant emittance growth due to small­

angle, multiple Coulomb scattering of the particles within a beam 

bunch. This effect, referred to as intrabeam scattering (IBS), can 

be estimated with ZAP, which calculates the equilibrium emittance 

for a storage ring taking into account the growth term from IBS in 

addition to the effects of radiation damping and quantum 

excitation. 

To be somewhat conservative, the calculations shown here were 

performed for the case of 1 rnA/bunch, but assuming no bunch 

lengthening. This approach minimizes the longitudinal emittance 

and thus maximizes any transverse growth effects. Results for the 

39 MV and 3 MV exal'ples are shown in Figs. 6 and 7, respectively. 

For the high voltage case (Fig. 6), we expt'!ct signi ficant 

emittance growth only at energies below 4 GeV. At 2 GeV, for 
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example, the equilibrium emittance including the effect of IBS is 

about 25 times larger than the natural emittance at that energy. 

Nonetheless, we can see that the equilibrium emittance value of 1.2 

x 10- 8 7t m·rad is still quite low; indeed, this value is only 

about twice the value that would be obtained from the LBL 1-2 GeV 

Synchrotron Radiation Source 6 It this energy. At lower energies, 

however, the IBS emittance growth gets more and more severe. Thus, 

it would probably ~ be reasonable to contemplate runn~.ng PEP at 

energies much below 2 GeV, even if the combined effects of the 

various beam instabilities--all of which become more severe at low 

energies--were to make this possible. 

For the 3 MV case (Fig. 7), with its longer bunches, even less 

emittance growth is expected. In this case, only at 2 GeV do we 

expect significant growth. At the 2 GeV energy, we see that the 

equilibrium emittance is not improved very much compared with that 

shown in Fig. 6. Thus, reducing the RF voltage from 39 to 3 MV 

gives only a marginal improvement in the emittance growth. 

Although not shown here, calculations have also been peLi~rmed 

for the case of single-bunch currents of 1, 5 and 10 mA, but 

including the effects of bunch lengthening. For both RF voltage 

assumptions, the results look very similar to those shown in Figs. 

6 and 7. This is because the additional longitudinal growth at 

higher currents is sufficient to keep the transverse emittance 

growth essentially the same. 
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To estimate the beam lifetime, we must consider particle 

losses due to large-angle single Coulomb scattering within a beam 

bunch (Touschek scattering) and to both elastic and inelastic 

(bremsstrahlung) scattering from residual gas in the beam pipe (gas 

scattering). Each of these loss mechanisms is discussed below. 

Touschek Scattering 

The beam loss from Touschek scattering depends strongly on the 

momentum acceptance of the lattice, which can be limited either 

longitudinally (i.e., by the RF system acceptance) or transversely 

(i.e., by the physical or dynamic aperture). Both possibilities 

are considered with ZAP.2 

In most lattices, the lifetime at low energies is determined 

by the transverse limits, because the RF acceptance at low energies 

is large. In the case of the PEP LEL, however, the lattice 

properties are rather ideal: the physical aperture is large and 

the dispersion is low. Thus, even for a very high RF voltage of 39 

MV the momentum acceptance of the machine at energies above 4 GeV 

is limited by the RF system, leading ~o extremely large acceptance, 

and long Touschek lifetime. This is shown in Fig. 8, where the 

predicted lifetimes (under the same conditions as for Fig. 6) are 

in the range of 100 to 1000 hours at low energles. Because of the 

expected bunch lengthening at high currents, the lifetimes shown in 

Fig. 8 are nearly the same at a single-bunch current of 5 or 10 rnA. 
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In contrast, for the low RF voltage of 3 MV, the longitudinal 

momentum acceptance is much lower, and is always the limiting 

acceptance. The resultant Touschek lifetimes, shown in Fig. 9, are 

much shorter than for the high voltage case (Fig. 8). Nonetheless, 

we will see below that gas sr.atterin9 may still be the more serious 

concern. 

It is also worth notin9 here that--as shown in the previous 

section--the reduction in transverse 9rowth associated with the 

lower RF voltage (which gives longer, and thus less dense bunches) 

is not very substantial. Thus, the ability to improve the Touschek 

lifetime by increasing the RF voltage leads to little, if any, 

penalty. 

Gas Scattering 

Gas scattering lifetimes are calculated with ZAP includin9 

both elastic scattering and bremsstrahlun9. For the elastic 

scatterin9, we must evaluate the betatron acceptance of the 

lattice. We take the limitirlg horizontal accepta.nce, 

(where b is the aperture radius and the expression on the right 

hand side of the equation is evaluated as the minimum value 

anywhere in the lattice) directly from the lattice. We chtain a 

value of ~x - 8.4 x 10-5 m, limited by the high-beta quadrupole. 
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For the limiting vertical acceptance, we make estimates in two 

different ways. First we consider the bare lattice, and evaluate 

the equivalent expression for the vertical acceptance from the 

lattice itself. Alternatively, we consider the extreme case of a 

l-cm undulator gap located in the straight section (where Py - 100 

m). The former a~sumption gives Jly - 1.5 ~ 10-5 m, limited in the 

arcs; the latter--obviously extreme--assumption, leads to Jly • 

2.5 x 10-7 m. (It is r!cognized, of course, that one would not, in 

reality, locate a small gap in a region of such a high beta 

function, so the lifetimes corresponding to this scenario should be 

viewed as a worst-case estimate.) 

The bremsstrahlung acceptance, as for the Touschek lifetime 

discussed above, is usually limited by the RF acceptance, leading 

to a slight preference for the higher RF voltage. However, this 

cross section has a logarithmic dependence on the acceptance2 an~ 

so does not change much as a function of either the RF voltage or 

the beam energy. 

Predicted gas scattering lifetimes as a function of energy 

(assuming 1 nTorr of nitrogen gas) are sh~wn in Fig. 10. In the 

situation where the vertical a.:ceptance is limited by t.he 

undulator, the elastic scattering process limits the low energy 

lifetime to quite low values. Without the undulator, the lifetime 

is pre:licted to be dominated by bremsstrahiung, and thus stays 

essentially constant. 
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Combined Lifetimes 

Overall lifetimes for the (worst-case) undulator scenario are 

given in Figs. 11 and 12 for the high and low RF voltage cases, 

respectively. In both cases, the lifetimes at low beam energies 

are very low, and might well be unacceptable for experiments. 

In the "no undulator" case, where ~he aperture limit comes 

from the lattice physical aperture, the predicted lifetimes are 

much higher, as shown in Figs. 13 and 14 for the two RF 

assumptions. The message here is that the aperture at low ener.gies 

should not be decreased too much below that for the normal lattice 

in order to maintain acceptable lifetimes. 

CAUR1.d-buDC~ Ip.t&bi1iti •• 

If PEP were to be used as a dedicated source of synchrotron 

radiatio~, it is clear that it would need to be run in a multibunch 

mode. If we require, for example, a circulating beam current of 

about 100 rnA, then the transverse beam current limitations, 

discussed earlier, imply at least a 10-bunch operating mode. For 

completeness, we have used ZAP to estimate coupled-bunch growth 

times for the case of 81 rnA in 81 bunches (i.e., the same 1 

rnA/bunch assumption L:~led elsewhere in this report). A selection of 

higher-order modes of the PEP RF cavities was obtained from similar 

calculations made for the sse conceptual design. 7 

Especially for the high voltage case, the higher-order modes 

of the many RF cells will not simply add, since mechanical and 
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temperature tolerances will cause frequency shifts among nominally 

identical cavities. To mock up this eff~ct, the Q values of the 

cavity modes were decreased. In the longitudinal case, growth 

times on the order of 1 ms were obtained. As these times are 

considerably shorter than the radiation damping times at low 

energies, it is likely that a feedback system would be required. 

Transverse growth times are predicted to be somewhat longer, in the 

5-10 ms l."ange, but still are lik.ely to require feedback for 

stabilization. 

No attempt has been made as yet to explore the trade-offs 

associated with increasing the single-bunch current and decreasing 

the number of bunches. Such investigations should be made, of 

course, before making a final assessment of the need for, and 

parameters of, a feedback system. 

&13mm1ry 

In this report we have investigated the influence of various 

collective phenomena on the performance of PEP in its low emittance 

operating configuration. Comparison with experimental data on 

bunch lengthening gives an estimate for the longitudinal impedance 

of I Z/n I = 3 n. This value was utilized in the calculations 

reported here. With a high RF voltage of 39 MV, rms bunch lengths 

on the order of 10 ps should be achievable with a single-bunch 

current of 1 rnA. Transverse beam current limitations are 

important, and estimates indicate that limiting single-bunch 
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curre'.'lts of about 10 mA can be reached. More detailed calculations 

should be performed to confirm this estimate. 

The possibility of transverse emittance growth from intrabeam 

scattering at low energies has been studied. At energies above 2 

GeV, this effect is not severe. An emittance growth of a factor of 

25 beyond the natural emittance is expected at 2 GeV; growth at 

lower energies would become increasingly important. 

Beam lifetimes due to Touschek and gas scattering have been 

estimated. The gas scattering process appears to dominate the 

predicted lifetime. As long as the vertical acceptance of the bare 

lattice is not severely degraded, acceptable lifetimes (a few 

hours) are expected if the background gas pressure is kept below 10 

nTorr. 

From preliminary calculations of both longitudinal and 

transverse coupled-bunch instability growth times, we find that 

they are significantly shorter than the lattice damping times at 

low energies. Thus, feedback systems are likely to be needed. 

More detailed calculations will be needed to confirm this result. 

In conclusion, we have not uncovered any fundamental 

difficulties with the idea of using the PEP ring, in its low 

emittance mode, as a dedicated source of syncnrotron radiation at 

beam energies near 8 GeV. 
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PEP Bunch Lengthening Data 
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Fig. 1. Bunch lengthening results at 4.5 GeV. The 
solid line represents the experimental 
data; the points are ZAP calculations for 
IZ/nl - 3 a, assuming SPEAR scaling. 
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Fit?'. 2. Bunch length predictions for the PEP 10'''' 
emittance lattice with 1 mA/l"unch. The 
line represents the natural bunch length 
with an RF voltage of 39 MV. The solid 
points include the effects of turbulent 
bunch lengthening. At low enerq~es, in­
trabeam sc~ t-ering would also lead to some 
bunch lengthening, as indicated by the 
open squares. 
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Bunch length predictions for the PEP low 
erni ':tance lattice with 1 rnA/bunch. The 
line represents the natural bunch length 
with an RF voltage of 3 MV. The solid 
points include the effects of turbulent 
bunch leugthening. 
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bilities, assuming an RF voltage of 3 MV. 
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Fig. 5. Estimated thresholds for transverse fast 
blowup and transverse mode coupling insta­
bilities, assuming an RF voltage of 39 MV. 
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Fig. 6. Equilibrium horizontal emittance, includ­
ing the effect of IBS, for a beam current 
of 1 rnA/bunch and an RF voltage of 39 MV. 
Bunch lengthening effects were not in­
cluded. 
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Fig. 7. Equilibrium horizontal emittance, includ­
ing the effect of IBS for a beam current 
of 1 rnA/bunch and an RF voltage of 3 MV. 
Bunch lengthening effects were not in­
cluded. 
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Fig. S. Touschek lifetime for a beam current of 1 
rnA/bunch and an RF voltage of 39 MV. 
Bunch lengthening effects were not in­
cluded. 
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rnA/bunch and an RF voltage of 3 MV. Bunch 
lengthening effects were not included. 
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PEP Gas Scattering (1 nTorr) 
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Fig. 10. Gas scattering lifet~~es assuming J nTorr 
of nitroc:·en g~s. The lO\'ler curve corres­
ponds t.o a vertical limitation fr()m a 1 cm 
undul~tor gap in the straight section; 
the upper curve represents the aperture 
limit of the standard lattice, and corres­
ponds to a limit from the bendi~lg magnet 
gap in the arcs. 
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PEP (39 MV; 1 rnA)· with Undulator 
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Fig. 11. Beam lifetime vs. pressure for the case of 
1 rnA/bunch and an RF voltage of 39 MV. 
The vertical aperture is limited by a 1 cm 
undulator gap in the straight section. 
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Fig. 12. Beam lifetime vs. pressure for the case of 
1 rnA/bunch and an RF voltage of 3 MV. 
The vertical aperture is limited by a 1 cm 
undulator gap in the straight section. 
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Fig. 13. Beam lifetime vs. pressure for the case of 
1 rnA/bunch and an RF voltage of 39 MV. 
The vertical aperture is limited by the 
magnet gap in the arcs. 
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Fig. 14. Beam lifetime vs. pressure for the case of 
1 rnA/bunch and an RF voltage of 3 MV. 
The vertical aperture is limited by the 
magnet gap in the arcs. 
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